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1. Introduction 
The Tien Shan are an active intracontinental mountain belt that is part of the Central Asian 
Orogenic System (fig. 1). In general the mountain belt is composed of E-W trending ranges, 
separated by (sub)-parallel intramontane depressions. The western part of the Tien Shan is for 
a large extent situated in the Republic of Kyrgyzstan, while the eastern part is located in China. 
The Tien Shan can be regarded as a mobile belt between two rigid micro-continent or micro-
plates: to the south this is the Tarim plate, to the north, the Aktyuz-Boordin (which in fact 
represents the southern part of Kazakhstan-Junggar plate) (fig. 2). The Tien Shan belt was 
formed during the Palaeozoic closure of the Turkestan Ocean [Allen et al., 1992; Gao et al., 
1998; Chen et al., 1999; Brookfield, 2000]. Island-arc systems and micro-plates converged with 
the northern margin of Tarim and were accreted to Tarim in the Middle to Late Palaeozoic. 
Final closure of the Turkestan oceanic basin was accomplished in the Late Palaeozoic, in the 
Permian, when the Tarim and Tien Shan units collided with the Kazakhstan-Junggar plate 
[Laurent-Charvet et al., 2002; Van der Voo et al., 2006; Yang et al., 2007]. At this time, in the 
Permo-Triassic, this entire assemblage was also docked to the Siberian continent further north 
in present-day co-ordinates [Carroll et al., 1995; Levashova et al. 2007] and together these 
amalgamated terranes formed one of the nuclei of the current Asian continent. This Palaeozoic 
collision-accretion produced two ophiolite- and UHP-rock bearing suture zones [Allen et al., 
1992; Zhang et al., 1993; Gao et al., 1998; Zhang et al 2002a; 2002b; Bazhenov et al., 2003; John et 
al., 2008]. During the various subduction and accretion episodes, the Tien Shan units were 
vastly intruded by granitoids [Solomovich & Trifonov, 2002; Mao et al., 2004; Konopelko et al., 
2007; Solomovich, 2007; Pirajno et al., 2008; Van der Voo et al., 2006; Kröner et al., 2008]. An 
example of these is the extensive northern Kyrgyz granitoid batholith that is mainly of 
Ordovician – Silurian age, although smaller Permian plutons are found as well. 
The basement of the Tian Shan consists of the Issyk-Kul (or Central Tien Shan or Ili) and 
Aktyuz-Boordin microcontinents. They are composed of Paleoproterozoic strongly 
metamorphosed rocks, covered by Neoproterozoic and Paleozoic volcanogenic-sedimentary 
and sedimentary rocks [Buslov et al., 2003; Mao et al., 2004; Konopelko et al., 2007; 
Solomovich, 2007; Wang et al., 2007a; 2007b]  
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Fig. 1. (a) General location and setting of the (Kyrgyz) Tien Shan in the intracontinental 
Central Asian Orogenic System (CAOS). The white box corresponds to the position of 
Figure 1b; (b) Morphology and mountain ranges of the Kyrgyz Tien Shan. Stars indicate 
sample localities for geochronological investigations (see next chapter). 
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The ancestral Late Palaeozoic – Early Mesozoic Tien Shan belt was reactivated in the Late 
Mesozoic and a new mountain belt was built at this time along the inherited structural 
fabric. This is clearly illustrated by the foreland sediments of this Mesozoic Tien Shan range: 
Jurassic to Cretaceous sediments accumulated to several kilometre-thick foreland deposits 
in the Junggar (north) and Tarim (south) basins [Chen et al., 1991; Hendrix et al., 1992; 
Graham et al., 1993; Carroll et al., 1995; Cogné et al., 1995; Métivier & Gaudemer, 1997; 
Hendrix, 2000]. Also, the current fault-controlled intramontane basins – such as the Issyk-
Kul basin – were formed as shown by their basal Jurassic and Cretaceous sequences that 
unconformably overlie the Palaeozoic basement [Cobbold et al., 1994]. After a period of Late 
Cretaceous and Early Cenozoic quiescence, the Tien Shan were again subjected to 
reactivation and finally evolved to the present-day intracontinental mountain belt that is still 
active in a mostly transpressive to purely compressive tectonic regime today [Allen & 
Vincent, 1997; Allen et al., 2001; Buslov et al., 2003]. 
These Late Cenozoic and active tectonics are associated with far-field effects of the India-
Eurasia collision [e.g. De Grave et al., 2007a,b]. Erosion of the modern Tien Shan and the 
current transpressive to compressive tectonic regime are responsible for the exhumation of 
the basement-cored ranges as they appear today [Sobel et al; 2006; Oskin & Burbank, 2007], 
for the supply of the foreland sediments in the Tarim and Junggar basins and for the 
evolution of the Tien Shan intramontane basins [Heermance et al., 2007]. 
The most notable present-day crustal movements and their related strongest earthquakes 
(M>6) are concentrated at the boundaries of ancient micro-continents [Buslov et al., 2003, 
2007]. The study of the Cenozoic structural position of Precambrian micro-continents, which 
are covered by think sedimentary units, would allow us to reconstruct the tectonic history of 
the Central Asian earth crust. Understanding the past tectonic events and processes would 
help us to study and potentially forecast modern catastrophic geological phenomena. 
2. Problem formulation 
2.1 Cenozoic tectonics and geodynamics of Central Asia  
The main structure of the Central Asia orogenic system and of the Tien Shan in particular  is 
formed by isometrically outlined Precambrian micro-continents (Tarim, Issyk-Kul, Aktyuz-
Boordin, Junggar, Tuva-Mongolian) surrounded by accretion-collision zones. This complex 
crustal structure of the Tien Shan has a strong impact on the distribution of strain induced 
by the India-Eurasia collision. This strain is propagated northward as is indicated by the 
northward rejuvenation of intracontinental mountain ranges and intramontane basins 
(fig.2).  
These micro-continents are submerged into (ancient) subduction zones and in the present-
day structural pattern they appear as sub-vertically aligned rigid “roots” occurring as 
columns in the relatively softer matrix of the folded zones surrounding them. Since the 
Early Cenozoic initiation of the ongoing India-Eurasia collision, the Central Asian crust has 
been tectonically reactivated and its pre-Cenozoic structure appears to have been separated 
into 1) micro-plates or micro-continents overlain by Cenozoic sediments and 2) active fault 
zones in accretion-collision zones and their associated deformation systems or mountain 
ranges. The most important factors controlling the propagation of crustal deformation are 
firstly the presence of rigid micro-continents hosted by “soft” folded matrix and secondly of 
mantle plumes or at least diapirs of heated material and micro-plates rotating and migrating 
over so-called “plume heads” [Dobretsov et al., 1996; Buslov et al., 2003; Buslov, 2004]. 
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Fig. 2. Schematic Cenozoic tectonic situation and cross section (ABC) through the Central 
Asian Orogenic System, from India, over the Tien Shan, to the Altai region in South Siberia. 
Two distinct deformation pulses have been recognized in the Cenozoic evolution of Central 
Asia for the period of 35-0 Ma based on new and published GPS, magneto-telluric, seismic, 
thermochronologic, structural and paleogeographic data on the regions of Altai, 
Transbaikalia, Tien Shan, Pamir, Himalaya and Tibet [Dobretsov et al., 1996; Buslov et al., 
1999, 2003, 2007; Buslov, 2004; Abdrakhmatov et al., 1996, 2001; Aitchison et al., 2007; 
Avouac & Tapponnier, 1993; De Grave & Van den haute, 2002; Molnar & Tapponnier, 1975; 
De Grave et al., 2004, 2007a, b, 2008; Sobel et al., 2006; Tapponnier & Molnar, 1979].  
The first deformation pulse (35-5 Ma) started relatively soon after the collision of India. This 
pulse is characterized by the indentation of the Pamir indenter resulting in the formation of 
high mountains in Tien Shan (in particular around the Issyk-Kul micro-continent) and 
around the Junggar plate. The reactivated basement faults and the mantle plume or diapir 
beneath the Tien Shan resulted in the tectonic layering of the lithosphere. During this pulse, 
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the zone of compression and orogeny gradually extended northwards, away from the 
Indian collision zone and Pamir indenter to the Tien Shan, and then changing its direction 
somewhat to the northeast, extending over several thousands of kilometers from the Tien 
Shan, over Altai-Sayan to the Baikal rift zone. The deformation transmitted to such vast 
distances by the so-called “domino principle” (Dobretsov et al., 1996). 
The second deformation pulse (5-0 Ma) was manifested in an EW-striking zone of ~600-1000 km 
wide extending from the Pamir and Tarim on one hand to the Siberian craton on the other. 
At this time, convergence and deformation induced mountain growth between these two 
rigid structures. At the present time this area is one of the most tectonically active parts of 
the earth’s crust in Central Asia (Buslov et al., 2008).  
In the latest Neogene – Early Quaternary mountain growth reached its peak over the whole 
territory of Central Asia resulting in the formation of continental molasse and catastrophic 
seismic events (earthquakes and landslides). Thus, the period of the NE gradual (semi-
elastic or ductile) deformation transmitted from the Pamir and Tarim was followed by a 
period of brittle deformation and crustal hummocking or buckling over the whole territory 
of Central Asia between the Pamirs and the Baikal rift zone. This resulted in the formation 
of a strained zone between the active indenter of the Pamirs and the Siberian passive craton. 
The highest rates of displacement have been recorded within this zone: 20 mm/year in the 
Southern Tien Shan (northward migration), 10 mm/year in the Ukok plateau of the central 
Altai-Sayan (NE vector), 2-6 mm/year in the Northern Tien Shan (W and SE), 2 mm/year in 
the northern and southern parts of the Altai-Sayan area (northward and southward 
movements, respectively).  
2.2 Tectonic layering of the Kyrgyz Tien Shan lithosphere and seismicity 
The thrusting of the Tarim plate under the Southern Tien Shan and of the Pamirs onto the 
SW Kyrgyz Tien Shan results in the compression of the upper Tien Shan crust with a 
maximum velocity of 10-15 mm/yr (fig. 3), whereas India moves to the north with a velocity 
of 50 mm/yr relative to Central Asia and the Tien Shan in particular (Avouac et al., 1993; 
Avouac & Tapponnier, 1993). We suggest that a part of the convergence was accommodated 
by the formation of and flow in a viscous-elastic layer in the middle section of the Tien Shan 
crust. The deformation in the upper crust was mainly manifested along the Talass-Fergana 
fault and the strike-slip belts delineating and bounding the micro-continental fragments (fig. 
3; cross-section I-I) as described for the Issyk-Kul area for example. 
This tectonic layering of the Kyrgyz Tien Shan lithosphere implies the existence of plastic-
viscous layers. Possibly, the layers can be related to the rotation of the SW Tien Shan block 
and the underthrusting of the Tarim plate and the indentation of its basement into the 
middle crust of the Tien Shan. This can explain the fast slip and deformation of the upper 
(20-30 km) crustal section. 
Seismic S- and P-wave studies (fig. 3; cross-section I-I) show 10-20 km thick nearly 
horizontal wave-guide layers in the lower (35-50 km) and upper (10-20 km) crust of the Tien 
Shan (Bakirov et al., 1996; Sabitova and Adamova, 2001). These thick seismic wave-guide 
layers are however absent beneath the Fergana Basin and adjacent flat areas in the western 
Tien Shan. Similar wave-guide lenses are again found in the upper crust at a depth of 10-20 
km, north of the Pamirs. The lower layer abruptly ascends to a shallower depth of 15-20 km 
near the Talass-Fergana fault. The southern part of the lower wave-guide is consequently 
uplifted 20 km relative to the northern part. Near the Tarim plate and NE of the Talass-
Fergana fault, the wave-guide occurs at a depth of 20-40 km (fig. 3; cross-section I-I and II-
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II). Near the southern margin of the Issyk-Kul microcontinent the northern extremity of the 
wave-guide is also located deeper, somewhat 15 km lower than its shallow southern 
occurrence (fig. 3; cross-section II-II). 
 
 
Fig. 3. Cross section I-I and II-II (locations indicated on figure 2) through the crust and 
upper mantle beneath the Kyrgyz Tien Shan (geophysical data after Bakirov et al., 1996):  
1 – Seismic wave velocity iso-lines; 2- low seismic wave velocity zones; 3 – Moho 
discontinuity; 4 – high-conductive layers; 5 – Cenozoic basins; 6 – Kazakhstan platform 
(plate); 7 – Issyk-Kul micro-continent; 8 – Tarim micro-continent; 9 – thrust faults; strike-slip 
faults. 
Magneto-telluric (MT) studies in the Tien Shan (Trapeznikov et al., 1997; Rybin et al., 2004, 
2008) also indicate the presence of the aforementioned layers and lenses. Next to seismic 
wave-guide characteristics discussed above, these layers and lenses exhibit a high electric 
conductivity. The profiles in figure 3 show the position of the low seismic wave area 
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(obtained by seismic data) and high conductivity layers (based on magneto-telluric data). 
There is a good correlation between the results of these different methods. A 15-25 km thick 
layer identified by MT, is located at a depth of 35-50 km to the north of the Issyk-Kul micro-
continent and at a shallower depth of 20-35 km to its south. Oblique wave-guides mark the 
southern border of the Issyk-Kul micro-continent. Southwards, the wave-guide is located at 
the same depth as the basement of the Tarim micro-continent (20-50 km). The occurrence of 
these viscous layers would restrict the depth of faulting, and consequently the depth of 
earthquake hypocenters. Hypocenters of all Tien Shan earthquakes are indeed limited to a 
depth of less than 10-20 km (Sabitova and Adamova, 2001; Bragin et al., 2001) because 
obviously tectonic strain cannot exist in the viscous-plastic medium identified by the 
geophysical techniques. 
There are three main seismically active regions in the western Tien Shan and Pamirs: the 
north Tien Shan (NTS), the south Tien Shan (STS) and the Pamir-Hindu Kush (PHK) (Fig. 4). 
The NTS generally is a low-active seismic zone, although large historical earthquakes as the 
1885 Belovodskoye (M = 6.9), the 1887 Vernen (M = 7.3), the 1889 Chilik (M = 8.3), the 1911 
Kebin (Kemin) (M = 8.2), the 1946 Chatkal (M = 7.5), and the 1992 Suusamyr (M = 7.5) have 
occurred. The 1902 Kashgar (М = 7.8), the 1907 Karatag (М = 7.3), the 1949 Khait (М = 7.4), 
and the 1974 Markansui  (М = 7.3) earthquakes in the STS zone occurred against a 
background of high seismic activity. This is nicely illustrated by the recent (5 October 2008) 
M = 6.6 STS earthquake at the Pamir/Tien Shan thrust system near the Kyrgyz-Tajik border 
town of Nura that killed at least 72 people. The PHK is the most seismically active zone in 
Central Asia. It can be traced along the Pamir indenter front and has a characteristic S-shape. 
The PHK zone for example generated the 1909 Hindu Kush earthquake (М = 8.0) with a 
hypocenter at 230 km, several dozen 7.0 < M < 7.5 tremors with shallower focal points and 
thousands less strong events. The lithosphere beneath the PHK zone is unstable and is 
continuing to submerge into the upper mantle, providing very deep seismic sources at 
depths of up to 300 km.  The seismic sources of the STS and NTS zones on the other hand 
are a lot more shallow and are located in the upper crust, mostly at a depth of 15 to 20 km, 
as they are constrained at depth by the viscous, plastic layering in the Tien Shan crust and 
lithosphere as described earlier. 
Of special importance is the relation of the STS and NTS seismic zones to the mountain ranges 
bordering the Precambrian Issyk-Kul micro-continent. The aforementioned strong earthquakes 
(NTS) and high-velocity active fault movements are connected to the building of these 
mountain ranges. These events are clearly basement controlled as they are transpiring at the 
rigid body (micro-continent) borders. We can view the STS seismic events in the same context, 
with the Tarim microplate as rigid body thrusting underneath the Tien Shan. 
3. Problem solution 
3.1 Basement structure control over the deformation induced by Indo-Eurasia 
collision  
As mentioned, micro-continents form an important feature in the tectonic collage of the 
Central Asian Orogenic System and were submerged into subduction zones during the 
formation and evolution of the Central Asian crust. In the present-day structural pattern of 
Central Asia, these micro-continents have sub-vertically aligned rigid roots occurring as 
columns in the relatively softer matrix of folded zones or mobile belts. The India-Eurasia 
collision, and the ongoing indentation of the Indian plate into the Eurasian continent, 
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Fig. 4. (a) Present-day tectonic scheme of Kyrgyz Tien Shan with location of historic M > 6 
earthquake epicentres. Most of these occurred around the edges of the Issyk-Kul (or Central 
Tien Shan or Ili) micro-continent. (b) M > 2 earthquake epicenters (black dots) since 1970 in 
the eastern Kyrgyz Tien Shan (modified after Tychkov et al., 2008). Again in this case, the 
epicenters cluster around the edges of the Issyk-Kul micro-continent (shaded pink). 
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reactivated the pre-Cenozoic structure of the Central Asian crust and separated it into (1) 
more or less undeformed micro-plates or micro-continents overlain by Cenozoic sediments 
and (2) active fault zones in accretion-collision zones and their related mountain systems 
(fig. 2). The most important factor controlling the propagation of crustal deformation into 
the Asian continental interior, away from the Indian convergence zone, is specifically the 
presence of these rigid micro-continents within the softer folded matrix [Dobretsov et al., 
1996; Buslov et al., 2003; 2004; 2007]. 
In particular, during the Cenozoic, two factors affected the structure and geodynamics of the 
Tien Shan during its reactivation from the south: (1) thrusting of the Pamirs (west) and (2) 
under-thrusting of the Tarim plate (east) (fig. 2-4). These two processes are responsible for 
the formation of different structural-geodynamic Tien Shan provinces and are separated by 
the Talass-Fergana fault zone [Khudoley, 1993; Bakirov et al., 1996; Trapeznikov et al., 1997; 
Zubovich et al., 2001; Abad et al., 2003; Buslov et al., 2003, 2007]. These tectonic processes 
responsible for the complicated modern structure of the Tien Shan are still active. For 
example, the Issyk-Kul (or Central Tien Shan or Ili) micro-continent that hosts the Issyk-Kul 
basin, had been a homogenous structure during a long period prior to the latest Cenozoic, 
while there is evidence that young deformation reached its central part as late as the 
Quaternary [Trofimov, 1990]. At present, as in the case for many other Central Asian regions 
with rigid micro-plates in the local mobile belts, the strongest deformation processes in the 
Kyrgyz Tien Shan are recorded along the Issyk-Kul micro-continent margins. These margins 
are defined by a system of overriding thrusts that promote the further subsidence of the 
Issyk-Kul basin bottom and the formation of a pull-apart structure (fig. 5, 6) within the 
central Issyk-Kul basin [Buslov et al., 2003, 2007]. 
 
 
Fig. 5. Structural sketch map of the Issyk-Kul Basin and its basement, with positions of 
cross-sections from fig. 6. 
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Fig. 6. Cross-sections across the western, central and eastern parts of the Issyk-Kul Basin 
(locations on figure 5). 
The structural pattern of the pre-Mesozoic Tien Shan basement clearly influences the Mesozoic 
and Cenozoic reactivation of the Tien Shan orogen. This basement is highly heterogeneous and 
consists of the relatively rigid blocks of the Precambrian Tarim plate, the Issyk-Kul (or Central 
Tien Shan or Ili) micro-continent [Wang et al, 2007a; 2007b], and the Aktyuz-Boordin micro-
continents (actually a part of the southern Kazakhstan platform: Zaili and Kindil Las ranges) 
[Djenchuraeva et al., 2008]. Their rigid bodies are enclosed in a more ductile, easier to deform 
matrix of Palaeozoic accretion-collision belts. It seems that these rigid blocks in the northern 
Tien Shan are displaced in the mobile matrix that surrounds them at variable velocities and 
directions with respect to each other. These displacements are considered an active far-field 
tectonic response to continued India-Eurasia convergence, and produces large earthquakes at 
the rigid body boundaries. All the epicentres of these large earthquakes are located within a 
narrow linear zone between the Aktyuz-Boordin and Issyk-Kul micro-continents, while other 
epicentres of M > 6 earthquakes [Wang et al., 2004; Tatevossian, 2007; Bourdeau & Havenith, 
2008] mark the northern and southern margins of the Issyk-Kul microcontinent (Fig. 4). This 
indicates that crustal heterogeneity affects the formation of the active structures of the 
northern Kyrgyz Tien Shan [Buslov et al., 2003; 2004]. 
The Talass-Fergana fault zone, which is currently the site of dextral strike-slip movements, 
divides the Kyrgyz Tien Shan into a NE and SW part (fig. 4). As mentioned, two different 
tectonic mechanisms are responsible for this characteristic geometry: under-thrusting of the 
Tarim microcontinent under the southern Tien Shan [Neil & Houseman, 1997; Allen et al., 
1999; Yang & Liu, 2002] and thrusting of the Pamir block onto the southwestern Kyrgyz Tien 
Shan [Lukk et al., 1995; Pavlis et al., 1997; Burtman, 2000; Coutand, 2002] respectively 
[Buslov et al., 2003]. The under-thrusting of Tarim and the thrusting of the Pamirs formed 
the Cenozoic structural pattern of the Tien Shan, but also resulted in the so-called tectonic 
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layering of the upper lithosphere [Buslov et al., 2003; Lei & Zhao, 2007]. Different 
mechanisms of the Tarim and Pamir convergence were manifested in different time 
intervals and resulted in strike-slip movements along the Talass-Fergana fault. Of special 
interest is the fact that the displacement rate along the fault was 10 mm/yr during the Late 
Cenozoic and is as low as 2-3 mm/yr at present [Burtman et al., 1996; Meade and Hager, 
2001]. This could be explained by the fact that the Tarim and Pamir convergent forces on the 
southern Tien Shan edges presently nearly cancel each other out (low slip rates), while 
earlier during the last 10 Ma the strain of the Pamir indentation dominated and resulted in 
the dextral strike-slip reactivation of the fault with higher displacement rates. 
Given a total crustal shortening of 200 ± 50 km and the present-day shortening rate of 20 
mm/yr, the northern Tien Shan could have been constructed within the last 10 Ma 
[Abdrakhmatov et al., 1996]. This latter study also suggest that the recent outspoken uplift 
of the Tien Shan could be the result of a marked increase in horizontal compressive forces 
following the abrupt rise of the Tibetan Plateau, as proposed by England and Houseman 
(1989). Apatite fission-track thermochronology, structural modelling and magneto-
stratigraphy in the Kyrgyz Range (and adjoining ranges) and the Chu Basin in the northern 
Kyrgyz Tien Shan further showed that a first strong phase of rock uplift and deformation 
affected the northern Tien Shan 10-11 Ma ago, and a second accelerated phase occurred 5-3 
Ma ago [Burbank et al. 1999; Bullen et al., 2001; 2003; De Grave et al., 2004; Sobel et al., 2006]. 
The latter acceleration is also expressed in the stratigraphy by a marked change in 
sedimentary environment in the Late Pliocene-Early Pleistocene: thick sequences of coarse 
conglomerates, sedimentary gaps and tectonic unconformities are observed [Cobbold et al., 
1994; Abdrakhmatov et al., 2001]. 
As mentioned earlier, the Cenozoic tectonic activity of the Tien Shan is assumed to be the 
effect of the current indentation of India into the Eurasian continent [e.g. Molnar and 
Tapponnier, 1975; Cobbold and Davy, 1988]. Consequently the collision caused the 
propagation of deformation to the interior of the continent, resulting in crustal thickening 
and intracontinental mountain building. The Tien Shan consists of roughly EW-trending 
mountain ranges (with peaks exceeding 7000 m) alternating with sub-parallel sedimentary 
basins. Major Cenozoic faults mark the EW-trending boundaries between ranges and basins. 
However, the Talass-Fergana fault zone described above, strikes at an angle to the main 
structural direction and is oriented NW (fig. 1 trough 4). 
The Cenozoic tectonic evolution of a vast part of Asia can be described in terms of the 
continuing convergence between India and Eurasia. After the initial collision [Dobretsov et 
al., 1996; Aitchison et al., 2007], India has continued its northward motion at reduced 
velocity and acts as a rigid indenter penetrating ~2000 km into Asia to cause postcollisional 
underplating (India) and uplift (Tibet) [Molnar & Tapponnier, 1975; Mercier et al., 1987; 
Cobbold and Davy, 1988; Le Pichon et al., 1992; Avouac & Tapponnier, 1993; Avouac et al., 
1993; Dobretsov et al., 1996]. 
Orogeny in the Pamir and southern Tien Shan regions started later (post 35 Ma, Burtman, 
2000) than the incipient Tibetan uplift during the collisional stage and was accompanied in the 
Late Oligocene by deposition of coarse-clastic, red continental molasse. The Miocene 
landscape of the Pamirs and the southern Tien Shan was dominated by < 3 km uplifts and 
intermittent depressions. In the Pliocene, red molasse gave way to grey molasse deposits as a 
result of climatic cooling, while the uplifts reached an altitude of 4-5 km. Further Quaternary 
uplift of the Pamirs and the Tien Shan produced the current typical glacial landscape [Chedia, 
1986; Mikolaichuk, 2000; Abramowski et al., 2006; Zhao et al., 2006; Koppes et al., 2008]. 
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Mechanisms of the formation of the Cenozoic structure of the Issyk-Kul micro-continental 
basement and its cover have been established via remote sensing, interpretation of satellite 
images, structural and geomorphologic studies and paleo-stress analyses. In the Palaeogene-
Miocene the Issyk-Kul micro-continent remained relatively stable and about 4 km of 
sediments were deposited (Kokturpak, Kyrgyz, Issyk-Kul suites). Lacustrine sediments 
accumulated in the Palaeogene and lacustrine-proluvial ones in the Neogene-Quaternary 
mark the initiation of deformation. Clastic material was transported from the growing 
southern Tien Shan. Some fragments from the northern Tien Shan have been found in the 
Neogene-Quaternary deposits as well. These deposits point toward extensive Neogene 
erosion of the surrounding basement, and hence they imply significant denudation and 
exhumation of the basement. This exhumation is responsible for the cooling of the basement 
rocks that is observed through low-temperature thermochronologic techniques. 
The tectonic activity and the deformation in the northern Tien Shan reached its peak in the 
Pliocene-Early Quaternary and resulted in the formation of the present-day topography and 
the strong deformation of the Issyk-Kul micro-continental basement and its Cenozoic cover. 
The direction of the regional compression changed from NW in the Late Miocene to NS in the 
Pliocene-Early Quaternary.  The southern and northern margins of the micro-continent were 
hence gradually involved into thrusting and uplift and the surface area of the basin reduced. 
Ramp structures formed on its western and eastern ends as the mainly Ordovician – Silurian 
granitoid basement cored ranges were thrust onto the basin margins. The thrusting of these 
mountain structures over the basin was accompanied by the deposition of molasse-type 
sediments. Under-thrusting along the Kyrgyz-Terskey zone resulted in the splitting of the 
southern margin of the microcontinent into several blocks separated by oblique thrusts and 
strike-slip faults. Strike-slip movements along the Chon-Kemin fault resulted in thrusting and 
reverse faulting along the northern margin of the Issyk-Kul micro-continent (fig. 5, 6). 
Although it has been intensively studied [Chedia, 1986; Trofimov, 1990; Mikolaichuk, 2000; 
Abdrakhmatov et al., 2002; De Batist et al., 2002; Buslov et al., 2003; Bowman et al., 2004], 
there is no unanimous view on the recent tectonics of the basin and its recent geodynamic 
evolution. The Issyk-Kul basin was formed along E-W striking normal faults and transverse 
faults in the Early and Middle Pleistocene. It had a much larger extension than at present, 
particularly to the East. It has been suggested that the lake basin originated as a pull-apart 
structure, which formed due to dextral displacements along strike-slip faults accompanied 
by regional NS compression [Klerkx et al., 1999]. About 4 km of sediments accumulated in 
the basin, the depocenters shifting progressively from east to west. At present, the basin has 
a trapezoid shape and is bounded by EW-NE-, and NW-striking faults (Fig. 5, 6). Trofimov 
(1990) argues that the structure of the Issyk-Kul basin evolved by the subsequent collapse of 
blocks in the west and east – from the periphery towards the center – while the faults and 
fault blocks in the south and north remained more stable. In an initial stage of recent basin 
evolution, during the Early and Middle Pleistocene, the displacement along the faults had 
reached 30-50 m.  The normal faults were reactivated in the Late Pleistocene, the 
displacement reached 50-100 m. Catastrophic collapse of the central part of the lake, which 
subsided by 200 m, took place in the Middle Holocene. As a result a deep-water basin of 
almost 700 m depth formed during the last 10,000 years. This catastrophic collapse is 
supposed to be the direct cause to the regression of the Issyk-Kul in the Middle Holocene, 
when its water level rapidly lowered by 100 m [Trofimov, 1990]. De Batist et al. (2002) 
however argue that there is no evidence in the architecture of the off-shore sediment 
deposits to justify the hypothesis of a catastrophic collapse of the central basin floor.   
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The structural scheme is clearly different when considering different segments of the basin 
on a traverse from west, over central to east (fig. 5, 6). In the eastern part, which is well 
exemplified by the Boom syncline (section I-II in fig. 5), the basin has a well-defined ramp 
structure, delimited at both its northern and southern borders with the basement by thrust 
faults. Towards the east, the full ramp structure progressively evolves towards a half ramp 
structure. The northern area (in Russian literature, the western Pri-Issyk-Kul region), the 
Kungey range is thrust over the basin along the Toru-Aigyr fault [Mikolaichuk, 2000; 
Korzhenkov, 2000]. At the southern side the lacustrine sedimentary cover is in normal 
contact with the basement. 
In the eastern part (section V-VI in fig. 5, 6), arched-up and linear folds widely affect the 
Cenozoic cover in the eastern Pri-Issyk-Kul region. The basin and basement are separated by 
thrusts and reverse faults on both the north and south sides. At the northern side, the Taldy-
Sui oblique thrust delimits the basin. In the central part, the structural scheme is different. In 
the northern part, the Pred-Kungey oblique thrust joins with the Taldy-Sui thrust through 
the Aksui graben that constitutes the boundary between the east and central part. However, 
the most important structure of the northern Tien Shan is the NE-striking Chon-Kemin fault 
zone bounding the Issyk-Kul micro-continent on the north (fig. 5, 6). Recently, the presence 
of a significant sinistral strike-slip component has been evidenced in the kinematics of the 
Chon-Kemin fault zone [Delvaux et al., 2001, 2004], although previously it has been 
interpreted as a reverse fault [Chedia, 1986]. At the southern side, the Pred-Terskey fault 
zone bounding the Issyk-Kul micro-continent on the south (fig. 5, 6) is characterized by fault 
planes with complicated kinematics. The segments of the fault zone, which have different 
fault plane kinematics, are separated by the Tamga and Ottuk faults (fig. 5). The eastern 
segment – to the east of the Tamga fault – is a thrust: the Terskey range is thrust on the 
Cenozoic sediments. The middle segment – between the Tamga and Ottuk faults – is an 
under-thrust. The western segment is again a thrust. The eastern and middle segments are 
separated from the Pred-Terskey fault by the NS-striking Tamga fault, which sinistral offset 
is 700 m. The morphology of the Tamga fault is also complicated. At the junction point with 
the Pred-Terskey fault it is an oblique thrust. To the north, it transfers into a marginal fault 
(normal fault) of the subsiding trapezoid structure of the Issyk-Kul Basin and Lake. The 
Cenozoic sediments and Quaternary terraces, south of the lake, are affected by linear folds, 
as well as EW-striking flexures and reverse faults. Characteristic is the occurrence of 
numerous flexures and anticline folds with a gentle northern wing and steep-and-short 
southern wing often broken by faults, exhibiting a reverse sense of movement. The change 
of kinematic regime along the axis of the basin indicates various expressions of the impact of 
the NS compression on the Issyk-Kul microcontinent. We consequently propose that the 
thrusting of the Terskey range under the Issyk-Kul microcontinent resulted in the uplifting 
of its southern flank and subsidence of its central part. The northward dipping of erosion 
surfaces of the Terskey range and Cenozoic beds supports this suggestion. The transition 
zone between the uplifted part of the Issyk-Kul micro-continent (the western Terskey range) 
and the subsided part runs along the southern shoreline of the lake. 
3.2 Termochronology 
In order to constrain the aforementioned general Meso-Cenozoic geodynamic – tectonic 
history of the Kyrgyz Tien Shan in an absolute time frame, the crystalline basement rocks of 
several ranges were sampled for a thermochronological investigation as for example 
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performed in the Siberian Altai Mountains [De Grave & Van den haute, 2002; De Grave et 
al., 2007b, 2008]. In most cases granitoid basement rocks were targeted for sampling, 
although a minor amount of metamorphic and metasedimentary samples were collected. 
Using the apatite fission-track (AFT) dating and modelling (~120-60°C) approach a 
continuous time-Temperature, tT-path for the different Kyrgyz Tien Shan mountain ranges 
can be constructed. All or some of these method were applied to the rocks of the following 
Kyrgyz Tien Shan mountain ranges (fig. 1b, more or less listed in a N-S sense): Kindil-Las, 
Zaili, Kyrgyz, Kungey, Terskey, Talas, Suusamyr, Fergana, Jumgöl, Moldo, Dzhetim Bel, 
Naryn, Atbashi, Alai, Trans-Alai. 
In general terms, the data from most samples shows (fig. 7) that this Mesozoic event lasted 
until the Late Jurassic – Early Cretaceous (~150-100 Ma). Over the entire Kyrgyz Tien Shan 
territory the exact timing of this Mesozoic basement cooling shows some scatter, which 
indicates a possible punctuated or multi-phased driving force for this basement cooling. 
Given the ages, the specific low-T-sensitivity of the various thermochronologic methods 
applied, and the punctuated character, we interpret the Jurassic-Cretaceous Kyrgyz Tien 
Shan basement cooling as exhumation of this basement due to denudation of the overlying 
bedrock. The denudation and erosion can be associated with a phase of tectonic reactivation 
of the Tien Shan orogen and rejuvenated mountain building [Graham et al., 1993; Cobbold 
et al., 1994; Allen & Vincent, 1997; Métivier & Gaudemer, 1997; Hendrix, 2000; Li et al., 
2004]. This Mesozoic tectonic activity and the resulting sediments are expressed in the field 
e.g. by Mesozoic embryonic intramontane basins (e.g. Issyk-Kul), still present in the current 
mountain belt, and their Mesozoic basal sediment load. Also, thick Mesozoic foreland 
deposits can be traced far into the Tarim, Junggar and Kazakh basins [Carroll et al., 1995; 
Hendrix, 2000]. In its turn, the Mesozoic reactivation and denudation can be further linked 
to the contemporaneous Cimmerian orogeny. This orogeny is connected to the convergence 
and collision of the Cimmerian blocks with the active southern margin of Eurasia. In 
particular, the punctuated collision of the Pamir-Tibetan blocks in the Jurassic and Early 
Cretaceous with Tarim/Tien Shan as a result of the closure of the Paleo-Tethys is the most 
probable cause of the Tien Shan reactivation. Distant effects of the collision events initiated 
Mesozoic movements along the inherited Tien Shan structures [Allen & Vincent, 1997]. 
When these movements ceased and tectonic quiescence was again installed in the Tien Shan 
region, the Mesozoic Tien Shan orogenic edifice was subjected to sustained erosion and 
peneplanation during which the underlying basement experienced only moderate 
exhumation and cooling. This episode is reflected in the regional thermal history 
reconstruction by modelled AFT data. These models (fig. 7) exhibit Late Cretaceous – Early 
Cenozoic near-horizontal tT-paths. The models indicate that most of the rocks sampled in 
the Kyrgyz Tien Shan remained at upper apatite annealing zone (APAZ) temperatures to 
lower AFT retention temperatures (~80-50°C), i.e. more or less the temperature interval 
corresponding to the crustal position the rocks reached at the cessation of Mesozoic tectonic 
activity and denudation. These tT-paths evoke quiescence and relaxation of the isotherms in 
the upper crust, and are hence suggestive of the aforementioned period of tectonic stability, 
peneplanation and red-bed formation. 
In general the near-horizontal tT-paths are disturbed by a recent rapid cooling, 
corresponding to a last phase exhibited by the modelled tT-paths. This phase finally brings 
the samples to their present-day surface temperatures at their outcrop positions. In 
particular, this recent cooling brings the temperatures down from upper APAZ – lower AFT 
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Fig. 7. Examples of thermal history models obtained on AFT age and length data from 
samples from the northern Kyrgyz Tien Shan batholith. For sample locations see figure 1b. 
retention temperatures to ambient temperatures. The timing of this characteristic is 
restricted to the Late Cenozoic but shows some scatter between individual samples. Some 
samples exhibit this peak as early as 20 Ma ago, while others constrain the cooling to the last 
5 Ma. However in most cases, it is safe to say that cooling initiated, seemingly in a 
somewhat poly-phased fashion, during the last 10 to 15 Ma. These cooling curves in the 
models might thus represent the timing of the denudation of the modern Tien Shan orogenic 
edifice and can be corroborated by several lines of independent geological evidence from 
such fields as sedimentology [Cobbold et al., 1994; Métivier & Gaudemer, 1997; Dill et al., 
2007], magneto-stratigraphy [Sun et al, 2004; Charreau et al., 2005; 2006; Huang et al, 2006; Ji 
et al., 2008], geomorphology and structure [Tibaldi et al., 1997; Yin et al., 1998; Burbank et 
al., 1999; Abdrakhmatov et al., 2001; Thompson et al., 2002; Buslov et al., 2003; Fu et al., 2003; 
Hubert-Ferrari et al., 2007; Oskin & Burbank, 2007], geophysics [Trapeznikov et al., 1997; 
Bielinski et al., 2003; Rybin et al., 2004; 2008], geodesy [Abdrakhmatov et al., 1996; Reigber et 
al., 2001; Vinnik et al., 2004; Tychkov et al., 2008], and other geochronological studies [Sobel 
& Dumitru, 1997; Bullen et al., 2001; 2003; Sobel et al., 2006; De Grave et al., 2007a; 
Heermance et al., 2007]. We should caution the reader that this Late Cenozoic feature is 
mainly obtained by modelling the AFT data [Laslett et al., 1987; Ketcham et al., 2000]. 
Therefore a modelling artefact, recognized in AFT data modelling cannot be ruled out. 
However, at some places in the Kyrgyz and Terskey ranges reset, Late Cenozoic AFT ages 
are also found (fig. 8). For the central Terskey range for example, we find Late Cretaceous 
ages at higher elevations, but close to the Issyk-Kul basin, AFT ages between 17-38 Ma are 
obtained. In summary and given the strong independent geological evidence we interpret 
the Late Cenozoic, more specifically, Late Miocene to Plio-Pleistocene (15 - 5 Ma) and recent 
(5-0 Ma) cooling pulses as denudation of the current active Tien Shan mountain ranges as a 
far-field effect of ongoing India–Eurasia convergence. Moreover, this is further underscored 
by new U-Th-Sm/He dating results on the apatites from the Kyrgyz Tien Shan samples. 
Results from samples in the eastern Terskey Range yield AHe ages between 10-12 Ma and 
for the Zaili Range 10-33 Ma. 
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Fig. 8. AFT age zones in the Kyrgyz Tien Shan. Ages tend to get younger towards the more 
centrally located ranges. 
Together with results from similar studies [Hendrix et al., 1994; Van der Beek et al., 1996; 
Sobel & Dumitru, 1997; Bullen et al., 2001; De Grave & Van den haute, 2002; De Grave et al., 
2004; 2007a; 2007b; 2008; Sobel et al., 2006; Yuan et al., 2006; Jolivet et al., 2007; Vassallo et 
al., 2007], these observations seem to suggest that reactivation and deformation in the 
interior of the Eurasian continent is gradually rejuvenating northward through Central Asia 
since the Miocene as a distant effect of the ongoing indentation of India into Eurasia. This 
deformation resulted in transpressive mountain building and roughly 2 km of denudation 
of the northern Kyrgyz Tien Shan, in particular the mountain ranges around the Issyk-Kul 
micro-continent since the Late Miocene. The low-temperature thermochronology results also 
indicate a rejuvenation trend of ages from the north and south toward the central Kyrgyz 
Tien Shan mountain rages (fig. 8) that might point to an exhumed flower structure within 
the current transpressive to purely compressive tectonic framework. 
3. Conclusions 
In the Tien Shan, strong earthquakes and their triggered land-slides have been recorded 
within the fault zones which separate the ancient micro-continents presently migrating and 
moving in different directions and at different velocities. In the Cenozoic, two factors 
affected the structure and geodynamics of the Tien Shan: overthrusting of the Pamirs and 
underthrusting of the Tarim plate. These two processes were responsible for the formation 
of different structural-geodynamic provinces separated by the Talass-Fergana fault zone. 
The mantle plume activity beneath the Tien Shan resulted in the tectonic layering of the 
lithosphere and fast movement of the upper crust (10-15 km) over the plume head and its 
deformation. We believe that these tectonic and geodynamic processes for the complicated 
modern structure of the Northern Tien Shan and are still active. For example, the Issyk-Kul 
micro-continent had been a homogenous structure during a long time period, and the 
deformation reached its central part as late as Quaternary. At present, the strongest 
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deformation processes are recorded along the micro-continent margins forming a system of 
thrusts and promoting the further subsidence of the Issyk-Kul lake bottom and formation of 
a pull-apart structure [Buslov et al., 2003, 2007]. 
Anticlockwise rotation of the Tien Shan block continued and dextral strike-slip 
displacement along the Talass-Fergana fault zone occurred at rates of about 10-15 mm/yr.  
Finally, interplay of the Tarim and Pamir convergence with the Tien Shan (~5 Ma ago to the 
present) gave rise to the maximum uplift and formation of the modern Tien Shan as they 
occur today, while the dextral strike-slip displacement along the Talass-Fergana fault zone 
fell to ~1 mm/yr [Zubovich et al., 2001].  
The thrusting of the Tarim plate underneath the Tien Shan resulted in the shortening of the 
upper crust at a rate of ~10-15 mm/yr, whereas India moves northward at 50 mm/yr. A 
certain amount of the strain induced by the ongoing convergence may have been 
accommodated by the tectonic layering of the Tien Shan crust and lithosphere and the 
presence of viscous, plastic layers in the Tien Shan crust. The upper crustal strain has been 
buffered to a large extent by the Issyk-Kul micro-continent and the surrounding mobile 
belts. It therefore becomes clear that the recent tectonics of the northern Tien Shan is 
controlled by its pre-Cenozoic structure. Earthquakes of M > 6 clearly mark the northern 
and southern margins of the lens-shaped Issyk-Kul micro-continent, indicating that crustal 
heterogeneity affected the formation of the active northern Kyrgyz Tien Shan structures. 
Seismic and magneto-telluric studies show the tectonic layering of the Tien Shan 
lithosphere, with several nearly horizontal viscous layers. The lower layer is underthrust 
northward into the northern Tien Shan middle crust, as indicated by the seismic data shown 
in this paper. Tectonic layering of the lithosphere beneath the Tien Shan implies the 
existence of horizontal viscous layers, possibly related to the rotation of the SW Tien Shan 
block, and also to the underthrusting of the Tarim plate and indentation of its basement into 
the middle crust of Tien Shan. This caused high slip rates and failure in the upper crust to 
depths of 20-30 km. 
Similarly to the Tien Shan, the strongest earthquakes and the highest-rate modern 
displacements are concentrated along the margins of micro-continents (micro-plates) in 
Altai as a result of the interaction of the Junggar and Tuva-Mongolian micro-continents.  
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